SUMMARY Aortic pulse wave velocity was determined in Macaca fascicularis monkeys fed either atherogenic or control diets for 36 months. The foot-to-foot velocity and apparent phase velocities of the second through seventh Fourier harmonics at a given diastolic pressure in the atherosclerotic monkeys were 1.5 to 2.0 times the values for the control animals. More than 80% of the aortic intimal surface of the atherosclerotic monkeys was covered with fibrous or fatty plaque, which approximately doubled wall thickness and wall thickness to radius ratio. Angiochemical evaluations showed no difference in collagen or elastin concentration (as a fraction of lipid and mineral-free dried aorta), but the atherosclerotic aortas were 1.5 to 2.0 times that of control in collagen and elastin content (defined as the absolute quantity beneath a square centimeter of intimal surface). Total cholesterol and calcium concentrations in the atherosclerotic aortas were more than 10 times the values for the control aortas. The static circumferential distensibility of the excised atherosclerotic aortas was significantly less than control, but there was no difference in incremental (Young's) modulus of elasticity. The in vitro pressure-strain elastic modulus of the atherosclerotic aortas was more than twice that of control, which was predicted from the enhanced wave velocity. The significantly increased stiffness of the atherosclerotic arteries appeared to be due mainly to the increased wall thickness caused by the atherosclerotic plaques rather than to material changes described by Young's modulus. Extensive medial damage, however, also was present and could have had a major influence on stiffness. Atherosclerosis therefore can result in increased aortic stiffening, detectable by pulse wave velocity, even if there is no change in the overall Young's modulus of elasticity.
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ENHANCED arterial pulse wave velocity in man has been shown to be associated with several factors including aging 1 " 6 and hypertension. 3 ' 6 " 8 Increased pulse wave velocity associated with aging apparently accompanies an increase in arterial rigidity 9 " 11 due to changes in wall thickness and elastic modulus. 9 
'
n Structural changes in the arterial wall also have been suggested to explain enhanced pulse wave velocity with hypertension, although several studies have attributed the increased wave velocity only to increased wall stiffness resulting from greater transmural distending pressures. 3 ' ? ' 8 Even in early childhood, increased pulse wave velocity has been shown to exist in diabetics 12 and potential diabetics, 13 possibly due also to early atherosclerosis. Patients with coronary artery disease, when compared to controls in the same age group, also have been shown to have a higher pulse wave velocity, which was attributed to aortic atherosclerosis. 4 In contrast, other studies in man have shown that the presence of atherosclerosis does not result in abnormally high wave velocity 3 
6 or arterial stiffness.
in defining the extent and severity of atherosclerosis over the length of the arterial segment in which the pulse wave travels. Theoretically, the wave velocity (co), in a thin-walled, uniform, elastic vessel containing an incompressible, inviscid fluid, with no reflections, can be expressed by the well known Moens-Korteweg equation: 14 ' 15 Co = Eh 2pR (1) where E = Young's modulus of elasticity, h = wall thickness, R = mean radius, and p = blood density. Increased wave velocity in arterial disease can occur if either E or the relative wall thickness (h/R) is increased, but it is impossible to determine which of the specific physical arterial parameters are altered solely from measured changes in wave velocity. (2) where P = pressure, V = volume of tube per unit length, and dV/VdP = volume compliance of the tube. In this equation, the square of the wave velocity is related to the inverse of the volume compliance, which represents the total arterial stiffness. Assuming blood density is constant, changes in wave velocity therefore can be used as indices of changes in the total arterial stiffness, although alterations in elastic modulus, radius, and wall thickness cannot be separated.
The possibility of detecting early changes in atherosclerosis by determining pulse wave velocity as an index of arterial stiffness is not new but is important for several reasons. First, symptoms of ischemic pain associated with atherosclerosis generally occur only during advanced stages of the disease which result in significant stenosis in major conductive and distributing vessels such as coronary, carotid, femoral, or popliteal arteries, etc. As a result, clinical emphasis has been placed on the treatment or alleviation of symptoms associated with a reduction in blood flow through advanced arterial lesions, compromising 70% or more of the vessel lumen. Pulse wave velocity may provide a method of detecting diffuse, nonstenotic atherosclerosis early enough to therapeutically prevent the development of stenotic lesions. Second, a relationship between pulse wave velocity and the extent of arterial disease may provide a method of monitoring either progression or regression of atherosclerosis in animal models or in human patients in response to diet and pharmacological intervention.
This study evaluates aortic pulse wave velocity in Macaca fascicularis monkeys fed either atherogenic or control diets. The purpose is to quantitate changes in pulse wave velocity and arterial stiffness due to diffuse nonstenotic atherosclerosis in a nonhuman primate model in which the diet-induced lesions are comparable to atherosclerosis in man. 17 Changes in pulse wave velocity are related to physiological, anatomical, and biochemical alterations in the aorta allowing for: (1) a more precise definition of atherosclerotic involvement and (2) a comparison of the major arterial wall components with changes in arterial wall stiffness. This paper will demonstrate that increases in stiffness due to atherosclerosis appear to be related more to an increase in wall thickness and to the increased mass of material in the wall due to atherosclerotic plaques rather than to changes in overall Young's modulus of elasticity.
Methods

Experimental Animals
Thirteen adult male cynomologous or crab-eating macaque (M. fascicularis) monkeys, weighing 5.1-7.5 kg, were divided into two groups:
Atherosclerotic Group
Seven monkeys were fed for 36 months a semipurified diet containing 45% of the calories from lard and 1 mg of cholesterol/Cal. The average serum cholesterol of these animals while on the diet was 647 ± 81 (SEM) mg/dl.
Control Group
Six monkeys were fed the same diet for 36 months but without the additional cholesterol (diet contained 0.05 mg cholesterol/Cal from lard). These animals had an average serum cholesterol of 180 ± 15 mg/dl.
After the 36-month period, each monkey was anesthetized initially with sodium pentobarbital (30 mg/kg,), and additional anesthesia (sodium pentothal) was administered through an intravenous drip as needed. Each animal was intubated and ventilated with a positive pressure respirator (Harvard Apparatus Co.).
Determination of Pulse Wave Velocity
Arterial pressure was measured with a Statham P23Db pressure transducer via a 15-cm catheter inserted into the axillary artery and positioned so as to measure subclavian artery pressure near its origin at the aortic arch. The exact placement of the catheter was determined at necropsy. A direct femoral artery pressure measurement was not possible due to the possibility of jeopardizing morphological and angiochemical evaluation of the femoral artery needed for other studies. In its place, a femoral artery pulse was measured noninvasively with an airfilled rubber dam-covered cup 1.7 cm in diameter placed over the femoral artery and connected to a Statham P23BB venous pressure transducer. The cup was held in place by clamps adjusted to maximize the arterial pulse. The frequency response of each pulse detection recording system was determined with a variable frequency sinusoidal pump or with the "pop" method. 18 Each system was found to be flat to at least 20 Hz with negligible phase shift.
A representative display of the femoral pulse recorded with the noninvasive transducer compared with direct recordings of blood pressure in the femoral artery and aortic arch of a dog shows that the noninvasive femoral pulse provides a very good representation of the timing and contour of the femoral artery pressure waveform (Fig. 1 ). In addition, aortic pulse wave velocity in dogs determined with this noninvasive femoral transducer in comparison with that determined with direct femoral pressure has shown the two methods to be in excellent agreement ( Table 1 ). The major discrepancy appears to be a small 2-msec lag of the invasive behind the noninvasive pulse, probably due to the arterial pulsewave transmission time over the 1-cm distance between the noninvasive cup and the more distal pressure catheter. Any small phase delays between internal femoral pressure and external measurements of the femoral pulse were considered to be negligible when compared to the large transmission times between the aortic arch and femoral artery IN = using invasive measurement of femoral artery blood pressure; NON = using noninvasive measurement of femoral pulse; TT = foot-to-foot transit time (msec); Co = foot-to-foot pulse wave velocity (m/sec); 1H-7H = apparent phase velocities of the First seven Fourier harmonics; APV 2 _ 7 = average apparent phase velocity of the second through seventh Fourier harmonics. Mean and SEM were computed from data from eight cardiac cycles.
used to determine of pulse wave velocity. The noninvasive measurement of the femoral pulse therefore was considered to be acceptable for the purposes of this investigation.
All transducers were connected to a Grass multichannel recorder. The data were stored on strip chart and on FM magnetic tape (Honeywell tape recorder model no. 5600B). The outputs of the Grass recorder were sent to a LINC computer which digitized all channels simultaneously at 500 samples/sec and stored the data from individual cardiac cycles on digital tape for later analysis. The beginning and end of each cardiac cycle was triggered by the R wave of the ECG. Approximately 10-15 sets of simultaneous data were stored during each experiment. In four of the control monkeys, it was possible to obtain velocity data at two levels of pressure, altered by adjusting the level of anesthesia.
The transit times of arterial pulse waves were determined both manually from the strip charts and on the computer. Manual measurements consisted of the transit times of the foot of the subclavian pulse to the foot of the femoral pulse (foot-to-foot). The computer calculations consisted of Fourier analysis of the same pulses that had been analyzed manually, and determination of the apparent phase transit times for the first seven Fourier harmonics. In addition, the transit time of the maximum first derivative (maximum rate of rise of the wave front) of the subclavian pulse to the maximum first derivative of the femoral pulse was determined.
The foot-to-foot velocity (co) was calculated as where TT is the transit time (seconds) from the subclavian foot to the femoral foot, and AX is the distance (meters) between the two transducers. The position of the catheter tip, determined at necropsy, was usually in the left subclavian artery about 1-2 cm distal to its origin at the aortic arch. To correct for this it was assumed that the pulse wave velocity going up the subclavian artery to the catheter was equivalent to that going down the aorta the same distance. This corrected distance was small compared to the total distance between transducers of 30-40 cm and should introduce negligible error. Similarly, the velocity of the maximum first derivative was calculated from AX/TT, using the first derivative transit time for TT. For the purpose of this study, the term aortic pulse wave velocity will be used to represent the velocity between the two transducers, which includes the thoracic and abdominal aortas and the iliac artery. The Fourier analysis procedures resolved each pulse into a modulus and a phase angle for the first seven harmonics at integral multiples of the fundamental heart frequency. The apparent phase velocity of harmonic n (APV n ) was defined as
where f = fundamental heart frequency (beats per second), 6^ = femoral pulse phase angle (degrees) for harmonic n, and # sn = subclavian pulse phase angle for harmonic n.
19
The foot-to-foot velocity, the velocity of the maximum first derivative, and the apparent phase velocity (APV) of (1) the first harmonic and (2) the higher (second-seventh) harmonics which determine the foot of the pulse and the wave front 18 were plotted as functions of diastolic pressure, which has been shown to be the pressure at which the foot of the pulse wave is propagated. 7 Linear regression relations and 95% confidence bands for actual data 20 were established for the control group for each velocity parameter. By moving the velocity data from the control and atherosclerotic monkeys parallel to the established linear regression line, all data were normalized to a diastolic pressure of 70 mm Hg.
Determination of Arterial Distensibility and Modulus of Elasticity
After the pulse wave velocity studies, each monkey was killed by exsanguination. At necropsy, each aorta was removed from the level of the first pair of intercostal arteries to the iliac bifurcation and divided just proximal to the celiac artery into thoracic and abdominal aortic segments. Each segment was split open along the anterior midline of the vessel, flattened, and the width measured at three points. The mean of these measurements was used as the unstressed internal circumference.
Determinations of static distensibility and modulus of elasticity were made from length-tension measurements on the excised aortas. Measurements were made circum-ferentially on the proximal and distal portions of each thoracic and abdominal aortic segment as follows. Spring clamps made of a pair of bars 7 mm long were attached to opposite sides of the opened and flattened vessel. One clamp was connected to a micrometer screw and the vessel length (circumference) was increased incrementally. The resulting force was measured with a forcedisplacement transducer (model FTO3C, Grass Instrument Co.) attached to the other clamp. Total tension T was determined as the force in grams divided by the width (along the axis) of the segment being stretched (7 mm). The total incremental stiffness S was determined as the slope of the tension vs. length relationship in the tension range of 1 to 3 g/mm and was expressed in units of (g/mm)/(% increase in length):
where L o = resting length chosen as the distance between the two clamps at a tension of 1 g/mm, which roughly corresponded to a hydrostatic pressure of 35 mm Hg as determined from the LaPlace relationship (T = Pr, where T = tension, P = pressure, and r = radius), and AL = change in length from L o resulting in tension T. Likewise, a tension of 3 g/mm roughly corresponds to 105 mm Hg.
The static incremental circumferential distensibility K was calculated as the inverse of the stiffness S: (6) and was expressed in units of cm/dyne.
The circumferential static incremental (Young's) modulus of elasticity (E) in units of dyne/cm 2 was determined as h kH (7) where h =.average wall thickness. Wall thickness was measured at a minimal constant compressional tension with a broad base micrometer (diameter = 1 cm) on the opened unstressed aorta. Data presented represent the average, h, of four measurements on the proximal and four on the distal portion of each thoracic and abdominal aorta.
The circumferential distensibility, determined from Equation 6 in units of cm/dyne, represents both the type and the amount of material (or thickness) in the aortic wall. The modulus of elasticity, expressed in units of dyne/cm 2 from Equation 7, however, represents a property of the material only and is independent of wall thickness. Since the aortic wall is not uniform, E represents an average elastic modulus of the wall.
Calculation of Pressure-Strain Elastic Modulus (E P )
To compare these data with other published reports, our results also are presented in terms of the pressurestrain elastic modulus (E p ) 2 '" 23 which represents a measure of the volume elasticity of the arterial segment being studied and is defined as (8) where D = diameter, P = pressure, and V = volume. The pressure-strain elastic modulus can be calculated from either the in vitro length-tension data (denoted here as E p ) or from pulse wave velocity (denoted as E p ). E p calulated from pulse wave velocity can be derived from Equations 2 and 8 as
In these studies E p was calculated from Equation 9, using Co as the average foot-to-foot velocity at a diastolic pressure of 70 mm Hg and also using the average apparent phase velocity of the second through seventh harmonics at 70 mm Hg.
To compare the estimated E p with an E p computed from the excised vessels, we can write, using Equations 1, 7, and 9, or from Peterson et al., 21 using Equation 7:
Ep was calculated from Equation 10 by using the distensibility K and average internal radius (estimated from the average internal aortic circumference at a tension of 2 g/mm, which roughly is equivalent to a diastolic pressure of 70 mm Hg) of the proximal and distal portion of each thoracic and abdominal aorta. The pressure strain elastic modulus computed from Equation 10 in units of dyne/cm 2 represents a property of the wall material, the wall thickness, and the arterial radius.
Anatomical Pathology
Each thoracic and abdominal aortic segment was split into right and left halves along the midline of the vessel. The left-sided segments were retained for angiochemical studies. The right side was fixed in 10% buffered formalin and grossly stained with sudan IV for demonstration of intimal lipids. 24 The percentage of intimal surface area containing atherosclerotic lesions was estimated by two independent investigators. Three distinct lesions were observed: fatty streaks, defined as flat, red-staining areas; fatty plaques which appeared as raised red areas; and fibrous plaques which were raised areas not taking the sudan stain.
Angiochemical Evaluation
The surface area and wet weight of each left-sided aortic segment was determined and the samples were homogenized in chloroform-methanol (2:1, vol/vol). The lipids were separated by thin layer chromatography on silica gel, visualized by staining with iodine, and eluted from the silica gel with chloroform. Nonesterified and esterified cholesterol concentrations were determined by the method of Rush et al. 25 The lipid-free dried aortic tissue was weighed and treated with 0.1 N HC1 for 48 hours at 4°C. A portion of the acidic extract was mixed with lanthanum chloride at a final concentration of 0.5% to overcome phosphorus interference and analyzed for calcium concentration by atomic absorption spectrophotometry (Instrumentation Labs model IL-151 AAS). The mineral-free residue was treated with 0.1 N sodium hydroxide at 98°C for 50 minutes to separate the elastin and collagen fractions of the arterial residue. The alkali-insoluble material corresponding to the elastin fraction of the artery was washed, dried, and weighed. The alkali-soluble material and washes, which include the collagen fraction, were hydrolyzed in 6 N HC1 for 18 hours and analyzed for the concentration of hydroxyproline by the method of Bergman and Loxley. 26 All aortic components were expressed both on a concentration (mg/g wet or dry .aorta) and on a content basis (mg/cm 2 intimal surface area).
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Results
Pulse Wave Velocity and Arterial Pressure
Simultaneously recorded subclavian and femoral pulses sampled at 2-msec intervals for representative control (no. 113) and atherosclerotic (no. 103) monkeys (Fig. 2) show that the foot-to-foot transit time for this atherosclerotic monkey (20 msec) was less than half that of the control (43 msec). This resulted in a foot-to-foot velocity which was much greater (15.8 m/sec) than in the control monkey (6.0 m/sec). In addition, both systolic and diastolic pressures were elevated in the atherosclerotic monkey (145/90 mm Hg), compared to the control (120/75 mm Hg) (Fig. 2) .
The relationship between aortic foot-to-foot velocity and diastolic pressure for all control experiments (Fig. 3 , closed circles) demonstrates that velocity was positively correlated with diastolic pressure in the control monkeys. The velocity in three individual controls at two different pressures (connected by dashed line) also demonstrates a positive correlation with diastolic pressure, but no change in velocity with pressure was noted for one control monkey. The 95% confidence bands of control data define a statistical range of the control data. Any data outside these bands can be considered as not belonging to the control group. Figure 3 also demonstrates that each atherosclerotic monkey had a pulse wave velocity greater than any control and greater than the upper 95% confidence limit 
90
FIGURE 3 Relationship between foot-to-foot velocity (mean ± SU) and diastolic pressure for all monkeys. A linear regression equation ±95% confidence bands for actual data are shown for the control group. Velocities in four control monkeys were determined at two pressures, connected by dotted lines.
of the control data as a group. In order to "adjust" for pressure effects on pulse wave velocity, each data point from the control and atherosclerotic groups was moved parallel to the established regression line to 70 mm Hg and the data then were averaged by groups at this one pressure.
The apparent phase velocity for all harmonics also were positively correlated with diastolic pressure in the control group. A representative relationship for one harmonic (third) with an average frequency of 7.84 ± 0.32 (SEM) HZ shows that, although the apparent phase velocities for the third harmonic of the control group (Fig. 4) 
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FIGURE 5 Average apparent phase velocity for all experiments adjusted to a diastolic pressure of 70 mm Hg as a function of harmonic frequency. The data at the right represent the mean and standard error of the mean at a diastolic pressure of 70 mm Hg of (1) the average apparent phase velocity of the second through seventh Fourier harmonics (APV); (2) the average velocity of the maximum first derivative (d/dt); and (3) the average foot-to-foot pulse wave velocity (C~Q).
were a little lower than for the corresponding foot-to-foot velocities (Fig. 3) , there was no difference in the slopes of the regression lines. The atherosclerotic monkeys as a group had approximately the same third harmonic and foot-to-foot velocity, but there was greater variance in the harmonic velocity data.
The average apparent phase velocity (APV) for each harmonic was adjusted to a diastolic pressure of 70 mm Hg along the established linear regression lines. The adjusted velocity data of the atherosclerotic monkeys, grouped and averaged into eight harmonic frequency ranges, were significantly (P < 0.01) greater than those of the control monkeys for frequencies greater than 4 Hz or for every harmonic except the first, in which there was considerable overlap between groups (Fig. 5) .
For each monkey, a mean apparent phase velocity (APV) was obtained by averaging the apparent phase velocities of the second through seventh harmonics at 70 mm Hg. These averages were in turn averaged to obtain a mean APV and standard error of the mean for the atherosclerotic and the control groups (Fig. 5, right side) . Similarly, the average velocity of the maximum first derivative (d/dt) and the average foot-to-foot velocity (53) were adjusted to a diastolic pressure of 70 mm Hg. The foot-to-foot velocities (7.1 ± 0.3 (SEM) m/sec) were slightly greater than d/dt (6.6± 0.3 m/sec) or APV (6.2 ± 0.2 m/sec) for the control group, and were slightly less (11.7 ± 0.8 m/sec) than the corresponding d/dt (12.7 ± 1.1 m/sec) or APV (13.3 ± 0.5 m/sec) in the atherosclerotic group. However, all three measurements of pulse wave velocity were significantly (P < 0.01) greater in the atherosclerotic group than in the control group.
The systolic and mean pressures were significantly elevated in the atherosclerotic monkeys, averaging approximately 40 and 25 mm Hg greater than the controls (Fig. 6 ). In addition, the pulse pressure was approximately 30 mm Hg greater in the atherosclerotic monkeys. Diastolic pressures were not significantly different in ather- osclerotic monkeys but were on the average 12 mm Hg higher than control.
Arterial Elasticity and Dimensions
The relationship between circumferential tension and percent increase in circumference for two typical aortic segments is shown in Figure 7 . Zero percent increase in length was defined for each arterial segment as the length corresponding to a tension of pie, S for atherosclerotic monkey 116 was more than twice that of control monkey 113 (0.718 vs. 0.293 (g/mm)/(% increase in length)). The length-tension data from every arterial segment studied had a highly linear region in the tension range of 1.0-3.0 g/mm, with correlation coefficients averaging 0.99. The average wall thicknesses (Fig. 8) of the atherosclerotic thoracic (±SEM) (0.058 ± 0.006 cm) and abdominal (0.043 ± 0.004 cm) aortas were more than twice those of the controls (0.028 ± 0.002 and 0.019 ± 0.002 cm, respectively). There was no significant difference in internal radius of the thoracic aortas, but the radii of the atherosclerotic abdominal aortas were significantly (P < 0.02) less than the controls (Fig. 8) . The relative wall thickness (wall thickness-to-radius ratio) was significantly (P < 0.01) greater in the atherosclerotic thoracic (0.25 ± 0.02) and abdominal (0.32 ± 0.02) aortas compared to the control thoracic (0.13 ± 0.01) and abdominal (0.12 ± 0.02) aortas (Fig. 8) .
The average circumferential distensibility (K) (Equation 6) for control aortas was twice that of the athero- sclerotic aortas (P < 0.01) (Fig. 8) . There was no significant difference in average static modulus of elasticity (E) (Equation 7) between groups, although E was slightly greater in the atherosclerotic group than in the control group for the thoracic aorta and slightly less for the abdominal aorta (Fig. 8) . The elastic modulus averaged approximately 13 to 14 X IO 6 dynes/cm 2 for the thoracic and abdominal aortas from both groups.
Pressure-Strain Elastic Modulus from Pulse Wave Velocity and from Elasticity Studies
The average values for Ep' (Equation 9) were significantly (P < 0.02) greater in the atherosclerotic than in the control monkeys when calculated from the foot-tofoot velocity (3.0 ± 0.4 compared to 1.1 ± 0.2 X IO 6 dynes/cm 2 ) or from the average apparent phase velocity (3.5 ± 0.3 compared to 0.8 ± 0.1 X 10 6 dynes/cm 2 ). The measured Ep from Equation 10 ( Fig. 8) of the atherosclerotic thoracic (3.75 X IO 6 dynes/cm 2 ) and abdominal (4.07 X IO 6 dynes/cm 2 ) aortas were also more than twice that of the controls (1.65 X IO 6 and 1.77 X IO 6 dynes/cm 2 , respectively).
The measured values of Ep averaged from the proximal and distal locations on the thoracic or abdominal aortas (Fig. 9 , circles and triangles) generally were greater than the estimated values of Ep' from pulse wave velocity along the entire aorta and iliac artery (Fig. 9, solid line) . In one control monkey, the thoracic and abdominal aortic values for Ep were in the range of the atherosclerotic monkeys, but this monkey had a pulse wave velocity 
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FIGURE 9 In vitro pressure-strain elastic modulus (Ep) for thoracic and abdominal aortas (triangles and circles) as a function of aortic foot-to-foot pulse wave velocity (c<J at a diastolic pressure of 70 mm Hg compared with predicted relationship (Ep' = 2pco 2 )(solid line). The ordinate scale refers to both Ep and Ep'.
within the control range (Fig. 9) . In this particular control aorta, there were some regions that were much thicker than the other controls and there also were more fatty streaks than in the other controls.
Anatomical Pathology
The gross grades of the thoracic and abdominal aortas show that raised plaques (fatty and fibrous plaques combined) involved 65% to 100% of the intimal surface area of the atherosclerotic arteries, and that fatty plaques were predominant (Fig. 10) . Aortas from control monkeys were completely free of plaques, but there were fatty streaks.
Microscopically (Fig. 11) , the aortas from control monkeys were characterized by a thin tunica intima composed of an endothelial cell lining and an occasional cell within the subendothelial connective tissue. Infrequently, fatty streaks were present. Elastic lamina of the tunica media were intact and were separated from each other by one or two layers of smooth muscle cells. Relatively little collagen and ground substance were present. The majority of lesions in the atherosclerotic aortas were plaques, characterized by marked intimal thickening, which was composed primarily of intra-and intercellular lipid, collagen, and ground substance. Frequent areas of necrosis and mineralization were present. Areas of mineralization were associated with the intimal-medial inferface. The tunica media underlying plaques showed marked disruption and loss of elastic laminas and smooth muscle cells with replacement by collagen, lipid, and ground substance. Thrombosis or hemorrhage into plaques was not seen.
Angiochemistry
The concentrations of total cholesterol and esterified cholesterol in the atherosclerotic aortas were more than 10 times those in the controls for both thoracic and abdominal segments (Fig. 10) . Similarly, there was 10-20 times as much calcium in the atherosclerotic as in the control arteries (Fig. 10) . There was 50% to 100% more collagen and elastin in the atherosclerotic aortas than in the control aortas when expressed on a content basis (mg/cm 2 of intimal surface area) (Fig. 12) . However, when expressed on a concentration basis, in units of the percent of the lipid-and mineral-free dried aorta, collagen and elastin were not significantly different between groups for either thoracic or abdominal aorta.
30
Discussion
These studies demonstrate that M. fascicularis monkeys fed a diet containing 45% of calories from lard for 36 months were free of significant atherosclerosis. However, when 1 mg of cholesterol/Cal was added to the diet, significant aortic atherosclerosis developed.
The atherosclerotic aortas contained approximately twice as much collagen and elastin as the controls, although the concentration of these proteins was unchanged. Accompanying the increased content of the aortic wall constituents there was approximately a doubling of aortic wall thickness mainly due to intimal fatty and fibrous plaques, but there was no significant evidence of stenoses. The increased wall thickness and plaque formation in the atherosclerotic monkeys was accompanied by more than a doubling of the stiffness of the aortic wall when determined in vitro or from aortic pulse wave velocity.
Aortic pulse wave velocity was significantly greater in the atherosclerotic monkeys when computed from the difference in transit times of the foot of the pulse, from the maximum rate of rise of the pulse, or from the difference in second through seventh harmonic phase angles between the subclavian and femoral pulses. The lack of difference in the apparent phase velocity of the first harmonic between the atherosclerotic and control monkeys may have been due to alterations in the waveform due to multiple, retrograde reflected waves, summating with the incident wave generated by the heart. These reflections may have altered the longer wavelength first harmonic but not the higher harmonics. The foot-tofoot velocity and the average of the higher frequency apparent phase velocities have been shown to be approximately equal, and to represent a "true" velocity in the absence of reflections. 18 The close similarity of the velocities of the foot and the second through seventh harmonics probably is due to the sharp inflection of the foot and the front of the pulse wave being determined by high frequencies. 18 These high frequencies can be demonstrated to be in coincidence at the foot since the nadir (or valley) of each of the harmonics above the first occurred at approximately the same instant in time as the foot of the pulse in both groups of monkeys. Such coincidence of the nadirs of the higher harmonics did not occur at any other moment in the cardiac cycle. Therefore, the apparent velocities of these pulse wave components were very similar.
The positive correlation between pulse wave velocity and diastolic pressure for the control monkeys is consistent with results of other studies. 7 ' 9 Steele 7 has shown that pulse wave velocity is directly related to diastolic pressure. When diastolic pressure was altered, the velocity changed correspondingly, but when systolic pressure was altered without a change in diastolic pressure, there was no change in wave velocity. In the present study, part of the enhanced wave velocity in the atherosclerotic monkeys probably was due to arterial hypertension. A correction for pressure is therefore necessary when making comparisons of pulse wave velocity between animals, and probably in man.
The assumptions made in Equations 1 and 2 are not necessarily valid, since blood is a viscous fluid, and the arterial wall, especially with atherosclerosis, is not a uniform thin-walled tube. Viscosity has a slowing effect on pulse wave velocity at low values of Womersley's a (a = R V to/v, where R = radius, w = frequency in radians/sec, and v = kinematic viscosity of blood). The wave velocity including the effects of viscosity (cO has been shown to be equal to the Moens-Korteweg velocity (co) times a factor Ki. 18 In the present study, a for the fundamental frequency was approximately 3 or 4, which would result in Ki = 0.90 to 0.95. For higher harmonics, which determine the foot-to-foot velocity, Ki is closer to unity. Assuming K = 0.97, Ep' computed from Ci (using Equation 9) would be larger than when computed with Co by a factor of 1/K 2 = 1.06. Thus, the effect of viscosity would be to shift the line in Figure 8 up and to the left a small amount.
A more critical assumption in using pulse wave velocity as a measure of arterial elasticity is the assumption of a uniform thin-walled tube, since atherosclerotic plaques affect arterial thickness, radius, and stiffness in a very nonuniform manner. The in vitro stress-strain results confirmed that the atherosclerotic aortas were significantly stiffer than the control aortas as predicted from the enhanced pulse wave velocity. However, there was a reasonable amount of scatter in the pressure-strain modulus (Ep) data computed from the in vitro studies around the predicted line of Ep', derived from the Moens-Korteweg equation (see Fig. 9 ). In general, the agreement between Ep and Ep' was better for the control arteries, which more closely represent a uniform tube, than the atherosclerotic arteries. The one control monkey with an abnormally high value for Ep but with a normal pulse wave velocity was interesting because this aorta had the greatest variability in thickness-to-radius ratio (up to 0.19) and had the largest amounts of fatty streaks (35%) of the control group. The high Ep in this control monkey could be explained by a local stiffening in the very early stages of atherosclerosis in a few areas of the aorta but with little change in arterial stiffness and thus pulse wave velocity in all other arterial segments.
In the atherosclerotic monkeys, differences between the measured Ep and the predicted values of Ep' also were probably due to arterial nonuniformity and to the in vitro elastic properties being determined from lengthtension measurements at single aortic locations, which may not have been representative of the stiffness of all the arterial segments (thoracic and abdominal aortas and iliac artery) over which the pulse wave traveled.
In spite of measuring static rather than dynamic characteristics of elasticity, which may be more related to pulse wave velocity, 11 ' 27 and in spite of using mathematical simplifications for an idealized thin-walled tube without correcting for the finite wall thickness and Poisson's ratio, our values for Ep and Ep' in the control monkeys were in the same range as those from dogs (0.4 to 2.5 X 10 6 dynes/cm 2 in the thoracic and abdominal aortas). 21 " 23 ' 27 The values for Ep and Ep' in the atherosclerotic monkeys were less than those reported in excised human atherosclerotic aorta-iliac segments (10.69 ± 3.89 X 10 6 before endarterectomy and 9.07 ± 2.14 X 10 6 dynes/cm 2 after endarterectomy) 28 and in both normal (8.54 X 10 6 dynes/cm 2 ) and diseased (9.52 X 10 6 dynes/cm 2 ) aorta-iliac segments, 29 although it is difficult to compare the degree of atherosclerosis in the various studies. The values for elastic modulus (E) for both the control and atherosclerotic groups in this study (13 to 14 X 10 6 dynes/cm 2 ) were higher than the dynamic elastic moduli for dog thoracic (3.0 to 4.7 X 10 6 dynes/cm 2 ) and abdominal (9.8 to 10.9 X 10 6 dynes/cm 2 ) aortas. 23 ' 27 However, the data from M. fascicularis in this study are within the wide range of values reported from human aortas (7.5 to 40 X 10 6 dynes/cm 2 ).
11 ' 29 Our study shows that there was no significant difference in the incremental modulus of elasticity or in collagen and elastin concentration between the two groups of monkeys. The increase in stiffness therefore appears to be due mainly to the increase in wall thickness and to the increased material in the wall. However, the collagen and elastin in a plaque most likely do not result in a functional network of connective tissue, and thus the sheer quantity or concentration of these proteins probably has no direct relationship with arterial stiffness. Also, since the microscopic studies revealed extensive medial damage beneath the atherosclerotic plaques, the incremental modulus of elasticity (E) (Young's modulus) of the media alone may have changed considerably with atherosclerosis. These changes may have been hidden in the calculation of the overall aortic E due to the concomitant change in wall thickness. Clearly, further investigation is needed to determine the relative contributions of atherosclerotic involvement in the intima and media to the elastic properties of arteries.
In conclusion, the data in this paper suggest strongly that atherosclerosis may result in increased aortic stiffening detectable by measurement of pulse wave velocity, provided that the changes occur in major portions of the arterial segments over which the pulse wave travels.
In addition, in at least some stages of atherosclerosis there may be no apparent change in Young's modulus of elasticity at a time when there is a considerable increase in total wall stiffness due to increased wall thickness and increased mass of material accumulated in the plaque. Therefore, measurements of pulse wave velocity or re-lated parameters such as the pressure-strain elastic modulus or the volume compliance may be more useful and much easier to determine than Young's modulus of elasticity for detecting and quantifying atherosclerosis.
